We describe the emergence of a new ganciclovir resistance mutation in the UL97 gene of human cytomegalovirus, deletion of codon 601, after valaciclovir and short-term ganciclovir therapy following kidney transplantation. Its role in ganciclovir resistance was supported by decreased ganciclovir phosphorylation in a recombinant vaccinia virus system.
Human cytomegalovirus (CMV) disease is a major complication of organ transplantation. Prophylactic treatment with valaciclovir, an acyclovir prodrug, significantly reduces the incidence of laboratory-confirmed CMV disease (12) . Ganciclovir, a nucleoside analogue, remains the most widely used antiviral drug for the treatment of systemic CMV disease. Ganciclovir and acyclovir must be phosphorylated to exert their antiviral activity as inhibitors of viral DNA polymerase UL54. The UL97 kinase, a virus-encoded product, activates both drugs by monophosphorylation. CMV resistance to ganciclovir is favored by prolonged therapy and is mainly associated with the presence of mutations within the UL97 gene. Amino acid substitutions and deletions shown to induce CMV resistance have been mapped to the UL97 region encompassing positions 460 to 607 (3, 4, 6, 7, 8) . Ganciclovir-resistant CMV strains can be selected by acyclovir as effectively as by ganciclovir in vitro as reported by Michel et al. (17) . However, the clinical relevance of selection because of acyclovir has to be evaluated in vivo. Whether valacyclovir prophylaxis may favor the rapid emergence of resistance is questionable. We describe herein the emergence of a ganciclovir-resistant isolate harboring a new ganciclovir resistance-related mutation in a renal transplant recipient previously treated by valacyclovir prophylaxis.
A 17-year-old CMV-seronegative patient underwent a first kidney allograft transplantation from a CMV-seropositive donor in November 2001. Neither the patient nor the donor had ever received ganciclovir or acyclovir before. The immunosuppressive regimen included basiliximab (anti-interleukin-2 antibody) at induction, cyclosporin (4.7 mg/kg twice a day), mycophenolate mofetil (600 mg/m 2 twice a day), and corticosteroids. Valacyclovir prophylaxis for CMV disease was started on day 2 after grafting at a daily dose progressively adapted to renal function. CMV infection was monitored by pp65 antigenemia testing (Argène Biosoft, Varilhes, France). Asymptomatic CMV infection occurred on day 64. Prophylaxis was then shifted to intravenous curative ganciclovir treatment (5 mg/kg/day for 3 weeks, according to creatinine clearance), which resulted in a rapid decrease in the CMV load, as shown in Fig. 1 . On day 83, antigenemia testing became negative. Ganciclovir administration was then stopped and valacyclovir administration was resumed. After 13 days of valacyclovir therapy (day 96), the patient presented with fever. The level of pp65 antigenemia was 5 nuclei per 2 ϫ 10 5 leukocytes. Ganciclovir treatment (5 mg/kg/day) was resumed. However, antigenemia levels increased again and the fever continued. Ganciclovir was then shifted to intravenous foscarnet therapy (130 mg/kg/day from day 133 to day 156). Antigenemia became undetectable on day 140. In order to treat acute graft rejection, proven by biopsy, immunosuppressive treatment was reinforced (500 mg of methylprednisolone administered intravenously on days 151, 153, and 155). On day 168, antigenemia was detected again. Cyclosporin was tapered off, and mycophenolate mofetil was switched to azathioprine. Antigenemia was definitely undetectable on day 194. To date, this patient has had no other viral complication and his creatinine clearance is stable at 56 ml/min.
Two CMV isolates (G1 and G2, isolated on days 68 and 133, respectively) were recovered from blood samples by conventional culture on human embryonic fibroblasts (MRC-5; Biomerieux, Lyon, France). Ganciclovir and acyclovir resistance phenotype assays were performed by the AC11 CMV group consensus method (9) . Briefly, a plaque reduction assay was used to measure the drug concentration required to reduce the number of plaques by 50% (50% inhibitory dose [ID 50 ]) compared to that of controls. Human fibroblasts grown as monolayers in 24-well plates were inoculated with infected cells (50 to 100 PFU per well) and fed with medium containing serial dilutions of drug. Each drug concentration was tested in quadruplicate. The cells were incubated for 4 days and then fixed in a cold mixture of 90% acetone and 10% distilled water. Revelation was done by immunostaining with monoclonal antibody E13 directed against human CMV immediate-early antigens (Argène Biosoft). The plaques were counted, and the ID 50 was calculated by graphic extrapolation. The sensitivity index (SI 50 ϭ ID 50 of the isolate/ID 50 of simultaneously tested reference strain AD169-ATCC VR-538) was calculated. Isolates with an SI 50 of Ͼ3 were considered resistant. Isolate G1 was found to be sensitive to both antiviral drugs (SI 50 of Ͻ3), whereas isolate G2, obtained after 58 days of ganciclovir therapy, was 16-fold less sensitive to ganciclovir than AD169 was and 8-fold less sensitive than G1 was (the ID 50 s of G1 and G2 were 2 and 16.5 M, respectively). Isolate G2 was twofold less sensitive to acyclovir than isolate G1 was (the ID 50 s of G1 and G2 for acyclovir were 60 and 123 M, respectively).
Genotypic assays were performed by amplification and sequencing of the full-length UL97 and UL54 genes from both isolates and from the corresponding whole-blood samples. A nested in-house PCR assay previously described (1) was used.
Sequences were performed with the ABI Prism Big Dye Terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.). After comparison with AD169 and Towne sequences, a deletion of three nucleotides leading to the deletion of threonine at position 601 (named del601), was observed in the UL97 gene of G2, while the G1 UL97 sequence was wild type. To verify the absence of a mutated minority subpopulation in G1, the UL97 PCR product of G1 was cloned in vector pGEM T-Easy (Promega, Lyon, France) and 20 clones were sequenced. In addition, a discriminating PCR assay with forward primer 5ЈTGGAGAACGGCAAGCTCCA3Ј, which harbored a deletion of nucleotides 1801 to 1803, and reverse primer 5ЈTAAATACAGCCCGTCGCTCG3Ј was designed to specifically amplify del601-mutated strains. This assay was able to detect 3% of the mutated strain within a 97% wild-type population (verified with a panel of mixtures of wild-type and del601 UL97 sequences). Neither clone sequencing nor a discriminative PCR assay detected a minority mutated subpopulation within G1. None of the mutations known to confer resistance to ganciclovir, cidofovir, or foscarnet was detected in gene UL54 encoding the viral DNA polymerase.
The role of del601 in ganciclovir resistance was assessed with the recombinant vaccinia virus (rVV) system as previously described (14) . The UL97 coding region (with del601 or wild type) was introduced into naturally ganciclovir-resistant vaccinia virus by homologous recombination as described else- where (14) . The expression of UL97 proteins in cells infected either with the UL97 wild type or rVV carrying the mutated UL97 gene was confirmed by Western blot analysis with a polyclonal antiserum specific for UL97 (15) . The levels of UL97 protein expression were quantitatively similar. However, after infection of thymidine kinase-deficient 143B cells and high-performance liquid chromatography analysis of the cell extracts, the two viruses (wild-type or mutated pUL97) exhibited different levels of ganciclovir phosphorylation activity. Thereby, the ganciclovir phosphorylation in cells infected with rVV-UL97del 601 was decreased to 10% of the phosphorylation in cells infected with the rVV-UL97 wild type. The capacity of pUL97del601 to autophosphorylate was also assessed as described by Michel et al. (16) , with protein kinase assays. Phosphorylated UL97 proteins were detected by autoradiography after separation by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis. The autophosphorylation of pUL97del601 was found to be equivalent to that of wild-type pUL97.
We present here the first description of a UL97 codon 601 deletion in a ganciclovir-resistant CMV isolate. This deletion emerged in a renal transplant recipient after valacyclovir prophylaxis and ganciclovir treatment for CMV infection. A T601M mutation has been previously described in an AIDS patient in association with clinical resistance to ganciclovir (5), but its responsibility for the occurrence of resistance has not been demonstrated. In our study, threonine 601, located close to amino acids 598 and 607 involved in ganciclovir phosphorylation (4), was shown to be essential for ganciclovir phosphorylation by the rVV system assay. The susceptible and resistant isolates from the patient differed only in the threonine 601 deletion in UL97. Therefore, deletion of threonine 601 was likely to confer ganciclovir resistance because of a decreased ability to activate ganciclovir.
CMV ganciclovir resistance is an emerging clinical problem in solid-organ recipients. Resistance is a late posttransplantation complication and is observed predominantly among CMV-seronegative recipients of organs from seropositive donors. Prolonged exposure to antiviral treatment favors the emergence of resistance. Durations of ganciclovir therapy before CMV resistance onset ranged from 51 to 438 days in kidney recipients (11), but resistance was detected after 3 months of treatment for most patients (11, 13) . A striking feature of our case report is the short duration of exposure to ganciclovir before the occurrence of resistance, associated with the failure of valacyclovir to prevent early CMV reactivation, and its ineffectiveness as maintenance therapy. Therefore, the role of valacyclovir prophylaxis in the emergence of ganciclovir resistance is questionable. Michel et al. (17) demonstrated in vitro selection of CMV resistant to ganciclovir from clinical isolates under selection pressure from acyclovir. In vivo, two recent studies have described the emergence of ganciclovir-resistant CMV after acyclovir or valacyclovir prophylaxis in transplant recipients (1, 10) , but the susceptibility of CMV isolates to acyclovir has not been assessed. In our case report, isolate G1 recovered after valacyclovir administration was susceptible to ganciclovir and acyclovir and antigenemia levels rapidly decreased under ganciclovir induction treatment, whereas G2 was eightfold less susceptible to ganciclovir and twofold less susceptible to acyclovir than G1 was. This slight decrease in acyclovir susceptibility might not be in favor of its role in the emergence of resistance. However, the decreases in acyclovir sensitivity induced in vitro by either acyclovir or ganciclovir ranged from 2.1-to 12-fold and were never as pronounced as those detected for the ganciclovir sensitivity, in agreement with the lower capacity of UL97 to phosphorylate acyclovir in the rVV system (17) . This suggests that the acyclovir selective pressure may favor ganciclovir resistance. In addition, acyclovir is not a potent inhibitor of CMV replication and valacyclovir has failed to control CMV reactivation in our patient. On the whole, we can hypothesize that valacyclovir and ganciclovir administration might have exerted continuous selective pressure, associated with immunosuppression, and resistance occurred after 133 days of cumulative antiviral treatment.
The increase in immunosuppressive therapy for acute graft rejection favored the development of the new active infection detected after foscarnet withdrawal. As previously suggested by Anglicheau et al. (2) , the decrease in immunosuppressive therapy was the best way to cure the active CMV infection. On the other hand, because of the increasing use of ganciclovir, cidofovir, and foscarnet, the incidence of resistant CMV strains will progressively rise.
This case confirms the benefit of virological follow-up of immunocompromised patients under antiviral prophylaxis and/or antiviral treatment in order to detect the early emergence of resistant strains carrying new or already known mutations. It shows that accumulating low-dose treatments may favor the emergence of resistance and that a less potent immunosuppressive regimen should be recommended first to stop active mild infections.
Nucleotide sequence accession number. The GenBank accession number for UL97 del601 is AY681345.
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